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Towards a rational design of ruthenium CO2 hydrogenation
catalysts by Ab initio metadynamics
Abstract
Complete reaction pathways relevant to CO2 hydrogenation by using a homogeneous ruthenium
dihydride catalyst ({[}Ru(dmpe)(2)H-2], drape = Me2PCH2CH2PMe2) have been investigated by ab
initio metadynamics. This approach has allowed reaction intermediates to be identified and free-energy
profiles to be calculated, which provide new insights into the experimentally observed reaction pathway.
Our simulations indicate that CO2 insertion, which leads to the formation of formate complexes,
proceeds by a concerted insertion mechanism. It is a rapid and direct process with a relative-low
activation barrier, which is in agreement with experimental observations. Subsequent H, insertion into
the formate-Ru complex, which leads to the formation of formic acid, instead occurs via an intermediate
{[}Ru(eta(2)-H-2)] complex in which the molecular hydrogen coordinates to the ruthenium center and
interacts weakly with the formate group. This step has been identified as the rate-limiting step. The
reaction completes by hydrogen transfer from the {[}Ru(eta(2)-H-2)] complex to the formate oxygen
atom, which forms a dihydrogen-bonded Ru-H center dot center dot center dot HO(CHO) complex. The
activation energy for the H, insertion step is lower for the trans isomer than for the cis isomer. A simple
measure of the catalytic activity was proposed based on the structure of the transition state of the
identified rate-limiting step. From this measure, the relationship between catalysts with different ligands
and their experimental catalytic activities can be explained.
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Abstract: Complete reaction pathways 
relevant in CO2 hydrogenation by a 
homogeneous Ru dihydride catalyst 
(Ru(dmpe)2H2, dmpe = 
Me2PCH2CH2PMe2) are investigated by 
ab initio metadynamics. This approach 
allowed to identify reaction 
intermediates and to calculate free 
energy profiles, providing new insights 
into the experimentally observed 
reaction pathway. Our simulations 
indicate that the CO2 insertion for the 
formation of the formate complexes 
proceeds via a concerted-insertion 
mechanism. It is a rapid and direct 
process, with a relatively low activation 
barrier, which is in agreement with the 
experimental observation. The H2 
insertion to the formate-Ru complex for 
the formation of formic acid, instead, 
occurs via an intermediate Ru(η2-H2) 
complex, where the molecular 
hydrogen coordinates to the Ru center 
and interacts weakly with the formate 
group. This step has been identified as 
the rate-limiting step. The reaction 
completes by a hydrogen-transfer from 
the Ru(η2-H2) complex to the formate 
oxygen, forming a dihydrogen-bonded 
complex Ru-H " HO(CHO). The 
activation energy for the H2 insertion 
step is lower for the trans-isomer than 
for the cis-isomer. A simple measure 
for the catalytic activity is proposed 
based on the structure of the transition-
state of the identified rate-liming step. 
Taking this measure, the relationship 
between catalysts with different ligands 
and their experimental catalytic 
activities can be well explained. 
Keywords: carbon dioxide fixation 
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ruthenium 
 
Introduction 
 
The utilization of CO2 as a possible carbon source and as a medium 
for reaction and extraction processes has been increasingly 
investigated[1, 2], triggered by ever-growing environmental 
concerns[3, 4] and scientific challenges to activate the rather inert 
molecule[5-8]. In the 1990s, several reactions based on CO2 
hydrogenation have been reported
 
where CO2 is used both as solvent 
and as reactant under supercritical conditions.[9-14] Formic acid, alkyl 
formates, and formamides have been synthesized successfully with 
high turnover frequencies. In particular, the high activity of the used 
Ru catalysts offers a promising possibility to utilize CO2 as C1-
building block by its hydrogenation. The formation of formic acid 
by CO2 hydrogenation has been identified as the first reaction step 
in all the three different reaction systems.[12] Hence, the elucidation 
of the formic acid formation pathways is necessary to understand 
several aspects of the reaction process, like the detailed reaction 
mechanisms, the effects of different ligands[12, 15], the role of 
additives (water, alcohols, and amines)[12, 16, 17], and the influence of 
the reactants’ pressure[12, 16, 18]. Some detailed reaction mechanisms 
have been proposed to date, but discrepancies between the 
mechanisms and experimental observations exist,[19, 20] such as the 
one between the theoretical assignment of CO2 insertion to Ru 
hydride complex as the rate-limiting step and experimentally 
observed facile CO2 insertion[21, 22]. A confident assignment of the 
rate-limiting step and of the corresponding transition-state is still 
lacking for rational catalyst design.  
The goal of this work is to shed light on the competitive reaction 
pathways leading to the CO2 hydrogenation by a single-site 
homogeneous Ru catalyst. This study is mainly based on ab initio 
molecular dynamics, with the help of a complementary experimental 
work[21]. In order to simplify the interpretation of the experimental 
spectra, a dihydride catalyst with a bridged ligand, dmpe (= 
Me2PCH2CH2PMe2), was chosen because of its structural rigidity 
and its activity in the reaction.[12, 13] The complex is also suitable for 
computational modeling, thanks to its relatively small size.  
The synthesis and structure of the Ru dihydride catalyst, 
Ru(dmpe)2H2, have been reported in a previous paper,[21] High-
pressure spectroscopy measurements (IR and NMR) carried out in 
toluene at 300 K have been used to study the catalyst’s 
transformations as induced by different concentrations of  CO2, H2, 
and formic acid.  In Scheme 1, two possible sequences of 
intermediates are proposed on the basis of the experimental results. 
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The measurements show that the cis-isomer 1 of the dihydride 
catalyst is predominant (94.5 %) with respect to the trans-isomer 4 
(5.5 %). Under low CO2 pressure (< 5 bar), two formate complexes 
appear, cis-Ru(dmpe)2(OCHO)2 3 and trans-Ru(dmpe)2H(OCHO) 5. 
Instead, no evidence of the expected complex 2, i.e. cis-
Ru(dmpe)2H(OCHO), has been revealed, even if this structure 
should be the natural intermediate between 1 and 3. Indeed, at 300 K 
complex 2 is a short lived structure due to its lower stability with 
respect to 3, which explains why it has not been observed.[22] When 
an additional high H2 pressure (> 50 bar) is applied, the signal of the 
dihydrogen-bonded complex, trans-Ru(dmpe)2H2" HOCHO 6, is 
also detected, and its intensity increases with H2 pressure.[21]  
In order to verify the proposed pathways and to identify the rate-
limiting step, we need to investigate the relevant reaction 
intermediates and transitions in more details. Density functional 
theory (DFT) calculations have been proven to be able to reproduce 
the relative energies of the different stable complexes, being in 
agreement with experimental findings.[21] Starting from reasonable 
guesses based on experimental observations, and by optimizing the 
structures of minimum energy conformers or transition states, it was 
possible to suggest an approximate sequence of steps along the 
reaction mechanism. However, this static approach is keen to fail for 
complex processes, where several alternatives routes are possible, 
and unforeseen intermediate states may play an important role. In 
addition, finite temperature effects and entropic contributions can 
hardly be included in a static model. 
To gain a complete picture of the process and determine the rate-
limiting step and the most probable route, better understanding of 
the atomistic details of the CO2 and H2 insertions is necessary, also 
taking into account the relative probability of competitive events 
like cis-trans isomerization and CO2 dissociation. 
The complete description of the reaction routes and the 
discrimination among competitive pathways can be provided by 
molecular dynamics (MD). The technique is, in principle, capable of 
generating reactive trajectories. The kinetics of the process can be 
investigated, and from the statistical sampling the underlying free 
energy surface (FES) can be reconstructed. By ab initio MD, the 
evolution of the electronic structure associated with structural 
rearrangements is also accessible, thus offering deeper insight in the 
chemistry of the transformation events. However, for adequate 
sampling by standard MD, great amounts of simulation time are 
typically required, which frustrates its predictive capability at all 
levels of theory. We have chosen, therefore, to adopt the 
metadynamics (MTD) approach to boost the sampling.[23, 24] This 
method has been successfully applied in combination with ab initio 
MD for the study of various types of reactive systems, where 
substantial changes of the electronic structure were expected.[24-31] 
The accuracy of the methods has been verified[32], by comparison 
with other techniques for the calculation of the FES. [33-35]  
In the following section, some additional information about the 
methodology and the specific set-up of the simulations is given. In 
the last section, we first describe the most relevant steps in the 
reaction pathways, as determined by ab initio MTD. The existence 
of alternative routes, different from that shown in Scheme 1, is also 
discussed. Finally, we propose a detailed analysis of the rate-
limiting step by discussing how the catalytic activity can be 
associated with the electronic structure of the corresponding 
transition-state. The same arguments can be applied to several 
catalysts with different ligands, showing a clear relationship 
between catalytic activity and electronic structure that can help in 
suggesting new routes for designing efficient catalysts. 
Ab Initio Metadynamics 
MTD is a method based on MD simulations that allows the thorough 
sampling of a predefined multidimensional configurational space 
and provides, at the same time, the direct reconstruction of the 
explored FES.[23] The subspace where we wish to boost the 
sampling is defined by selecting a set of collective variables (CVs) 
that clearly identify specific states of the system under investigation. 
They typically correspond to those slow modes that might play a 
role in the transformation of the system, and therefore need to be 
activated. A rather general rule prescribes that the selected CV are 
able to distinguish among the relevant intermediates and competitive 
reactive pathways. The dynamics in the space of the CV, i.e. the 
meta-dynamics, is accelerated by the presence of a history-
dependent, repulsive potential. This potential is built up on-the-fly 
during the evolution of the meta-trajectory. It locally modifies the 
energy profile of those regions in the configurational space that have 
already been visited and thereby prevents the trajectory from 
hanging about in the same basin of attraction for very long time.[36] 
This approach enforces the exploration of the free energy surface 
and is able to disclose the most probable pathways of a reaction, 
even if no prior knowledge of the transition and of the products is 
available. The scope of the applications was significantly broadened 
by its implementation together with ab initio methods[24], such as 
DFT-based Car-Parrinello MD[37]. Within this scheme, it is now 
possible to efficiently simulate the dynamics of chemical reactions, 
when important changes in the electronic structure take place (e.g. 
bond formation/breaking). The MTD has been successfully applied 
in various fields, such as molecular biology[38-41], catalysis[27], phase 
transition[25, 28, 30, 42], molecular rearrangement[24, 26], structure of 
condensed matter[29], and surface reaction[31].  
The meta-trajectory is determined by integrating the equations of 
motion derived from an extended Lagrangian[24] of the form, 
 
2 21 1 [ ( ) ] ( , )
2 2
R sCP M s k S s V tα α α α α
α α
= + − − +∑ ∑L L  (1) 
where the additional dynamic variables sα  define the dynamics in 
the reduced space of the CV. The first term CPL  is the Car-
Parrinello Lagrangian[37], which drives the electronic and ionic 
dynamics. The second is the fictitious energy of the new dynamic 
variables. The third term is a harmonic restraint potential that 
couples the meta-trajectory to the standard MD trajectory through 
the instantaneous values of the CVs, ( )RSα . The fictitious mass 
Mα  and the coupling constant kα  determine the frequency of 
fluctuations of the meta-trajectory. The last term ( , )sV t  (s is the 
vector of sα ) is the history-dependent potential.[24], which is 
constructed by the accumulation of small Gaussian hills deposited at 
regular time intervals.  At convergence, i.e. when the available wells 
have been completely filled by the accumulated potential, the 
explored free energy surface can be reconstructed from ( , )sV t .[24]  
 
Computational Details 
Ab initio MTD simulations were performed using Car-Parrinello 
(CP) scheme[37], as implemented in the CPMD code[24, 43]. Our 
studies are based on DFT electronic structure calculations with 
plane-waves basis sets for the expansion of the wave functions, and 
the pseudopotential approximation for the treatment of the ionic 
cores. The exchange and correlation energy terms were described by 
the Becke-Perdew (BP) functional[44, 45]. Norm-conserving Troullier-
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Martins pseudopotentials were used to describe the interaction 
between the valence electrons and the ionic cores.[46] The energy 
cutoff for the plane-waves expansion was set to 80 Ry within a 
cubic supercell of 15 Å length. The Hartree potential was computed 
by the Martina-Tuckerman scheme, in order to mimic the conditions 
of an isolated system in gas phase.[47] The temperature was 
maintained at about 300 K by rescaling the atomic velocities. An 
electronic fictitious mass of 400 a.u. and a time step of 4 a.u. (0.097 
fs) were used.  
The first and probably most critical step in the set-up of MTD 
simulations is the selection of proper CVs. For the study of chemical 
reactions natural choices are bond lengths, bond angles, dihedral 
angles, and coordination numbers. As already mentioned, the 
essential requirement is that the CVs can distinguish among the 
different states along the entire mechanism. In this study, we made 
large use of the coordination number (CN), which is defined by the 
following smooth function. 
 
1 1
1
1
1
A B
p
ij
N N
AB
AB q
i jA ij
AB
r
R
CN
N r
R
= =
⎡ ⎤⎛ ⎞⎢ ⎥− ⎜ ⎟⎢ ⎥⎝ ⎠
= ⎢ ⎥⎛ ⎞⎢ ⎥
− ⎜ ⎟⎢ ⎥⎝ ⎠⎣ ⎦
∑ ∑  (2) 
This function evaluates the average number of neighbors of type B 
surrounding the atoms of type A, within a region defined by the 
reference distance ABR . AN  and BN  are the numbers of atoms of 
the two types, ijr  is the interatomic distance for the specific pair, 
and p  and q  determine the decay, with p q< . The two exponents 
can be tuned to design a function as sensitive as possible to the 
different molecular states. Figure 1 shows the CN functions used in 
this work. For example, the function (c) in Figure 1 is used between 
ruthenium and oxygen to describe the CO2 insertion/dissociation 
processes. When the oxygen atom coordinates to the Ru center, the 
value of (c) fluctuates between 0.5-1.0, whereas it is about 0.1 when 
the oxygen is too far to be in the coordination shell of the metal. The 
coordination numbers can be rather general variables, because 
according to the definition, they can involve heterogeneous sets of 
atoms and describe the probability of having neighboring atoms 
within given coordination shells. In this sense, employing 
coordination numbers in place of bond-lengths and angles can 
reduce significantly the bias on the specific atomic movements.  
A new hill was added at every so-called MTD step, corresponding to 
60 to 120 MD steps. This time interval is thought to allow a partial 
relaxation of the system, in order to guarantee that MTD trajectory 
follows the minimum energy pathway. In all reported simulations, 
the height of the hill was between 0.31-1.26 kcal/mol. The MTD 
drives the system towards non-equilibrium configurations and can 
induce fast or abrupt rearrangements of the atomic positions. The 
propagation of the electronic structure by the CP scheme may not be 
able to adapt quickly enough, therefore a regular quenching of the 
wave functions on the Born-Oppenheimer surface at certain interval 
is necessary to keep the kinetic energy of the electrons under control.    
Geometry optimization, single-point energy, and harmonic 
vibrational frequency have also been calculated to compare the 
electronic structures of various Ru complexes with different ligands. 
For these analysis the B3PW91 hybrid functional[48, 49] was used 
within Gaussian 03[50] program package. Although we did not see 
notable differences in the energy profiles and geometries of various 
Ru complexes between the BP and the B3PW01 functionals, the 
hybrid functional was chosen for these static calculations due to our 
previous static DFT/ high-pressure spectroscopic study, where the 
accuracy of the functional was validated by the firm assignments of 
various vibrational modes observed in experimental IR spectra.[21] A 
6-311G(d,p) basis set was applied for all the species except Ru for 
which a LanL2DZ effective core potential (ECP) basis set was used. 
The ECP replaces the core electrons of Ru up to 3d and the valence 
electrons are described by a (341/321/31) basis set. All the 
calculations were performed within a gas-phase model, without 
taking any solvent effects into account. 
Results and Discussion 
The entire reaction process can be separated in three fundamental 
steps: the cis-trans isomerization, the CO2 insertion, and the H2 
insertion. In our investigation, we assume the three steps as 
independent processes and perform separate MTD simulations for 
each of them, starting from different initial configurations. By 
recombining the results of the independent calculations, we can 
reconstruct several possible pathways and give an estimate of their 
relative probability. 
 
cis – trans isomerization: While the Ru(dmpe)2H2 complex is 
known to exist preferentially in its cis isomer at room temperature, 
by increasing CO2 and H2 pressures, and thus inducing insertion 
processes, the signal of the trans isomer intensified and even 
became predominant. This prompted us to study how the cis-trans 
isomerization occurs, at which step of the overall reaction this is 
favored to take place, and finally the rate at which equilibrium is 
attained.[51] Indeed, taking into consideration the isomerization 
process at different stages, alternative transformation routes become 
possible, in addition to the most obvious ones. For example, formic 
acid (6) can be formed through the sequence 1 → 2 → 5 → 6, or 
even via the cis-trans isomerization of the di-formate complex 3, 
followed by CO2 dissociation, besides the expected pathway 1 → 4 
→ 5 → 6. For this reason, we have investigated in detail three 
isomerization mechanisms: the dihydride isomerization (1 ↔ 4, 
Scheme 1), the mono-formate isomerization (2 ↔ 5), and the di-
formate isomerization (3 ↔ trans-Ru(dmpe)2(OCHO)2). 
There are several possible choices of CVs suitable to analyze the 
cis-trans isomerization of the catalyst complexes (Ru(dmpe)2X2, X: 
H or OCHO). One of the most efficient CVs for probing the change 
is the dihedral angle of the four phosphorous atoms, P(1)-P(2)-P(3)-
P(4), where P(1) and P(2) belong to one of the two dmpe ligands, 
while P(3) and P(4) belong to the other. The dihedral angle alone, 
however, may be insufficient to clearly distinguish all possible cis- 
and trans- isomers, because distinct positions of the two X ligands 
may correspond to the same dihedral. For example, the two X 
ligands can occupy the same coordination site, leaving a vacancy on 
the opposite side. The different orientations of the ligands X can be 
taken into account by the bond angle X-Ru-X, which is therefore 
selected as second CV.  
 The isomerization of the Ru(dmpe)2H2 has been simulated starting 
from the cis-Ru(dmpe)2H2 (1, Figure 2). The MTD trajectory 
explores for some time (3 ps) the basin of attraction of the initial 
configuration, until the accumulation of the MTD potential induces 
a substantial change in the dihedral angle and the system transforms 
into the trans-isomer 4, crossing a barrier of about 20 kcal/mol. 
After 2 more ps of simulation time, the backward transition to the 
initial cis-isomer 1 occurs along the same path and over a similar 
energy barrier. Once the two wells have been fully explored, an 
alternative route is found connecting two distinct but equivalent cis- 
isomers 1 → 1’. Indeed, the dihedral angle shown in Figure 2 is 
periodic, and the cis to cis transition takes place through the 
 4 
negative direction of the dihedral angle axis. This pathway goes 
over a higher barrier of about 30 kcal/mol.  
By a sufficiently long MTD sampling, the potential fills evenly the 
three wells until the trajectory can span the entire configurational 
space, moving over a barrier-less energy landscape. The topology of 
the explored FES in the space of the CVs is then derived from the 
penalty potential accumulated during the exploration. The contour 
plot in Figure 2 shows clearly three stable configurations, 
corresponding to the marked minima. They are the two 
distinguishable but equivalent cis-complexes 1 and 1’ and the trans-
complex 4.  
The relative probability of finding the system in the trans rather than 
in the cis isomer can be estimated from the ratio between the 
explored volumes of the configurational space corresponding to the 
two structures. The ratio obtained from the FES plotted in Figure 2 
is roughly cis : trans = 2 : 1, which is an overestimate of the 
presence of the trans isomer, ca. 35 %, with respect to the 
experimental result, only 5.5 % at 300 K in toluene.[66] This 
discrepancy can be justified by the fact that the current study 
neglects the effect of solvent. The resulting increased mobility of the 
ligands might facilitate the isomerization, thus shifting the 
equilibrium towards the trans isomer. 
The isomerization of the mono-formate complex, 
Ru(dmpe)2H(OCHO), is studied using the dihedral angle and the 
bond angle of the H-Ru-C (C atom of the formate group) as CVs. 
The H-Ru-C angle is preferable with respect to the H-Ru-O, where 
O is the atom directly interacting with the Ru center, because of the 
formal equivalence of the two oxygen atoms of the formate group. 
Indeed, the exchange of the coordinated O by rotation of the formate 
group occurs frequently as shown later, and causes large fluctuations 
in the H-Ru-O angle, although these changes do not correspond to 
real transitions of the complex’s structure.  
As initial configuration we took the cis-complex (2, Figure 3). After 
16 ps of MTD, we observed the first the cis to cis rearrangement 2 
→ 2’, over a barrier of ca. 20 kcal/mol. This proceeded via an 
unstable complex, characterized by the formate group and the 
hydride located at the same coordination site. In this metastable 
configuration, the isomer becomes temporarily trans, with the 
dihedral angle being almost 0° and the H-Ru-C angle about 10°. The 
rearrangement completes after a short uncoordination of the formate 
group, followed by a ligand arrangement to cis with a coordination 
of the formate oxygen to the Ru center. Once the two energy wells 
of 2 and 2’ have been thoroughly explored, the higher transition-
state separating the trans from the cis is reached and the transition 
occurs over a barrier of ca. 23 kcal/mol (5, Figure 3). Interestingly, 
the trans-complex did not change back to cis, but rather one of the 
phosphorous atoms of the ligand is dissociated and replaced by the 
second O of the formate, which completes the Ru coordination (7, 
Figure 3). The 5  → 7 energy barrier is estimated to be ca. 47 
kcal/mol, which means that the trans → cis, if possible, is expected 
to require even larger activation energy  
The plot of the FES explored by the MTD (Figure 3) shows clearly 
that the trans state is significantly more stable than the cis. This is in 
agreement with the experimental results[21], indicating that trans-
Ru(dmpe)2H(OCHO) is very stable and almost the only complex 
observed at equilibrium. The fact that, starting from the mono-
formate complex, the cis → cis rearrangement is favored with 
respect to the expected cis → trans transition, indicates that the 
isomerization is less probable than in the case when starting from 
the dihydride complex (Figure 2). This is likely because the formate 
group is bulkier than the hydride, resulting in a larger steric 
hindrance for the isomerization.  
The formation of the two oxygen coordinating complex, 
Ru(dmpe)2H(η2-O2CH) was not detected experimentally and might 
well be an artifact of our model. The lack of interactions with the 
solvent may be one possible explanation for this behavior. Anyway, 
the energy barrier separating the dissociated state 7 from the trans 5 
is very high, implying that such a transition should not occur. 
In order to investigate the isomerization of the di-formate complex, 
Ru(dmpe)(OCHO)2, we choose the  C-Ru-C bond angle as second 
CV, where the C atoms are those of the formate group. The cis-di-
formate complex turns out to be very stable. The MTD trajectory 
spends a long time fluctuating in the corresponding basin of 
attraction (ca. 11 ps) until one of the phosphorous atoms of the 
ligand dissociates. The energy barrier for the dissociation has been 
estimated to be ca. 50 kcal/mol and the product is the 
Ru(dmpe)2(OCHO)(η2-O2CH) complex, similar to 7 of Figure 3. 
Along this MTD simulation no cis → trans isomerization has been 
observed. The pronounced steric effects induced by the two formate 
groups can be considered responsible for hindering the ligands 
rotation around the Ru, and thereby preventing the isomerization. 
The high stability of the cis- di-formate complex, as predicted by 
our calculations, is in agreement with the experimental observations, 
showing this complex is the most abundant formate complex under a 
CO2 pressure at 300 K.  
 
CO2 insertion / dissociation: In experiments, a very facile CO2 
insertion to the dihydride complex was observed.[21, 22] Two formate 
complexes, cis- di-formate (3, Scheme 1) and trans- mono-formate 
(5), are formed immediately by applying a CO2 pressure lower than 
5 bar at 300 K.[21] In this subsection, we address the reaction 
mechanisms and the energetics of the insertion and of the 
dissociation starting from both the cis and the trans dihydride 
isomers. From the comparison, we highlight some structural aspects 
that mostly influence the overall reaction pathway.  
In order to gain a complete description of the distinguished steps 
along the CO2 insertion/dissociation events, we use three CVs. One 
efficient CV is the coordination number of oxygen atoms to the Ru 
center, CN(O) (Figure 1, (c)). The second CV is the distance 
between the C atom of CO2 and the H atom of hydride, d(C-H). The 
third is the Ru-C-O angle, where C and O belong to CO2, ∠ (Ru-C-
O). A repulsive potential wall is placed at 2.5 Å to limit d(C-H) and 
to prevent CO2 from escaping out of the simulation box. The 
artificial confinement can be thought as a way to model the partial 
pressure of gas phase. By its presence, we mimic the relatively high 
probability of having a molecule in the vicinity of the Ru 
coordination shell. In order to consistently compare the free energy 
profiles of different simulations, the location of the potential wall is 
the same for all the systems. 
Starting from the cis-Ru(dmpe)2H2, the MTD trajectory shows a 
rather quick transition process, over a small barrier of ca. 6 kcal/mol. 
This first intermediate corresponds to the complex 1-2 (Figure 4), 
which is characterized by a significant interaction between CO2 and 
the hydride.[21] The formation of the formate complex proceeds in a 
concerted manner. The breaking of the Ru-H bond and the 
formation of the Ru-O bond occur simultaneously, by rotation of the 
formate group. Such a concerted mechanism was also predicted by 
static DFT calculations.[21] The low energy barrier of ca. 2 kcal/mol 
indicates that the CO2 insertion is almost immediate, once the 
intermediate 1-2 has been stabilized. Three types of formate 
complexes have been observed, corresponding to three different 
relative positions of formate group and Ru center. The transitions 
among them are driven by the third CV, i.e. the angle ∠ (Ru-C-O’), 
where O’ is the oxygen of CO2 that has been selected to define the 
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CV. In the first configuration, O’ does not coordinate to the Ru 
center and C-O’ points in the opposite direction from the Ru center 
( ∠ (Ru-C-O’): ca. 160°, 2 in Figure 4). In the second configuration, 
O’ does not coordinate directly to the Ru center, but interacts with 
the methyl group of the dmpe ligand ( ∠ (Ru-C-O’): ca. 90°, 2’). In 
the third, O’ coordinates to the Ru center with the angle ∠ (Ru-C-O) 
ca. 30° (2’’). It should be noticed that, in the last configuration, the 
formate can rotate around the Ru-O’-C axis, without changing the 
value of the CV. The MTD trajectory spends long time in the 
exploration of all the broad region of the configurational space 
corresponding to the formate complex. Finally, after 38 ps of 
simulation time, the CO2 dissociation occurs, crossing a much larger 
energy barrier of ca. 20 kcal/mol. The complete dissociation of CO2 
from the catalyst in the final step of the reverse pathway, i.e. 1-2 → 
1, occurs over a barrier of ca. 4 kcal/mol.  
Figure 4 shows the free energy surface reconstructed from the MTD 
sampling of the initial CO2 insertion and the reverse pathway (1 ↔ 
2). From the FES projected onto the plane of the CN and the d(C-H) 
variables (Figure 4, top), we can identify the transition region at C-
H distance of about 1.4 Å.[67] The value of d(C-H) in 1-2 
corresponds to the characteristic C-H bond length of the formate 
complexes (2, 2’, and 2’’, Figure 4). The analysis of the bond 
character of 2, based on the electron density distribution, shows that 
nearly no Ru-H bond is present, whereas the C-H bond is practically 
already formed.[21] The three minima corresponding to the three 
observed formate complexes become distinguishable by projecting 
the three-dimensional FES onto the subspace defined by the Ru-C-
O’ angle and the C-H distance (Figure 4, bottom). From this 
perspective, we observe that there is almost no barrier between 2 
and 2’. Actually, the transition occurs by the rotation of the formate 
group, but keeping the same coordinating oxygen. On the other hand, 
the flipping of the oxygen atoms (2, 2’ vs. 2’’, Figure 4) occurs over 
a barrier of ca. 10 kcal/mol.  
According to structural and electronic properties, having one or the 
other O atom coordinating the Ru center is equivalent. This implies 
that 2 plus 2’ and 2’’ configurations should have the same statistical 
probability. However, the MTD trajectory spends more time in one 
of the two wells, as inferred by the larger volume of the basin of 2 
plus 2’ in Figure 4 (bottom). Actually, the two oxygen atoms (O and 
O’ in Figure 4) are not any more equivalent in our model, since only 
O’ is directly involved in the definition of the CV. This might 
introduce a slight bias on the fluctuations of ∠ (Ru-C-O). Most 
probably, a longer sampling time could adjust the balance between 
the two states. Nevertheless, the complete sampling of the particular 
well (2’’) will probably not change the overall characteristics of the 
free energy. The broad basin of attraction associated with the 2, 2’, 
and 2’’ structures makes this state very stable and kinetically 
favored. This explains why the reverse process towards 1-2 is a 
rather slow event with respect to the formate complex formation. 
The second CO2 insertion to cis-Ru(dmpe)2H(OCHO) (2 ↔ 3, 
Scheme 1) is characterized by a similar free energy profile (Figure 
5). CO2 approaches the hydride through a small energy barrier (ca. 5 
kcal/mol) and forms a complex similar to the intermediate observed 
during the first insertion (2-3, Figure 5 top), where CO2 closely 
interacts with the hydride. The main difference between the first and 
the second insertion is the position of the barrier, which is found at 
d(C-H) ca.1.6 Å rather than 1.4 Å. This indicates a larger effect of 
the steric hindrance of the formate complex with respect to the 
dihydride catalyst. The transition to the final cis- di-formate 
complex occurs through the same concerted insertion mechanism, 
over a small barrier of ca. 3 kcal/mol. Also for the di-formate 
complex, we distinguish three slightly different structures (3, 3’, and 
3’’) corresponding to different values of the ∠ (Ru-C-O’) angle. 
The backward reaction mechanism from the di-formate complex to 
the intermediate 2-3 proceeds over a barrier of ca. 16 kcal/mol, i.e. 
lower than in the mono-formate case (ca. 20 kcal/mol). The 
complete CO2 dissociation, instead, is slightly more demanding, 
requiring ca. 7 kcal/mol. 
The similarity between the two processes appears clearly by the 
analysis of FES. The projection of the surface onto the plane of d(C-
H) and ∠ (Ru-C-O) (Figure 5, bottom) shows that the internal 
rotation of the formate group, from 3 to 3’, occurs almost barrier-
less. The oxygen-flipping leading to configuration 3’’, instead, 
requires an activation energy of ca. 10 kcal/mol. The size of two 
separated wells, i.e. for 3 plus 3’ and 3’’ respectively, is roughly 
equivalent, which indicates an evenly distributed probability of 
having either one of the two formate-O atoms interacting with the 
Ru center.  
For the study of the CO2 insertion/dissociation to trans-dihydride 
isomer, 4 ↔ 5 in Scheme 1, we have used the same MTD set-up. 
We obtain a rather different mechanism with respect to the cis-route, 
with an additional intermediate state for the approaching CO2 
molecule at a distance d(C-H) of about 1.7 Å. From this minimum, 
first a CO2 closely interacting complex (4-5, Figure 6) is formed 
crossing a barrier of 5 kcal/mol, and finally the CO2 insertion is 
completed via a barrier of ca. 4 kcal/mol. Once one of the three 
trans-formate complexes (5, 5’, and 5’’) is formed, we observe 
rather large fluctuations in CN(O). This indicates an enhanced 
mobility of the formate group interacting with the Ru center with 
respect to the same molecule interacting with the cis-isomer. The 
backward transition to the intermediate 4-5 occurs by the rotation of 
the formate group over a barrier of ca. 5 kcal/mol, which is much 
lower than the previous cis-cases. The final dissociation from 4-5 to 
4 (Figure 6) requires ca. 6 kcal/mol. 
The explored FES (Figure 6) shows considerably shallower wells, 
indicating that all the elementary processes occur rapidly over the 
smoother energy landscape. The additional intermediate is visible by 
projecting the FES onto the d(C-H) and CN(O) plane (Figure 6, top). 
The larger coordination space and the reduced steric hindrance 
characterizing the trans-complex explain why this intermediate is 
not found along the insertion to the cis-isomer. The resulting step-
wise mechanism enhances the concentration of CO2 near the hydride, 
facilitating the CO2 insertion. The extension of the well to low 
CN(O) values reflects the larger mobility of the formate group, 
implying that the trans-formate complex is stable even for rather 
large distances of the formate group from the Ru center. The value 
0.4 of the CN(O) corresponds to 2.7 Å for the Ru-O length (Figure 
1), which is significantly longer than the equilibrium distance of the 
formate complex (2.3 Å). Moreover, we observe that the internal 
rotation of the formate group, i.e. between 5 and 5’ (Figure 6), is 
almost barrier-less, while a smaller barrier of 4 kcal/mol is found for 
the oxygen-flipping (5, 5’ vs. 5’’, Figure 6). The long-range stability 
of the formate group seems to affect and facilitate the CO2 
dissociation process. 
In summary, the MTD analysis reveals a rather high reaction rate for 
the insertion of CO2 via either route, cis- or trans, which is in 
excellent agreement with the experimental observations.[21, 22] The 
dissociation process is more difficult for cis-complexes, whereas it 
is as facile as the insertion for the trans-complex. The overall lower 
barriers of the trans-complex compared to the cis-complexes 
confirm the results obtained by static DFT investigation.[21] In all the 
three cases, once the C-H bond is formed, the CO2 
insertion/dissociation path occurs via rotation of the formate group, 
at constant C-H distance. Natural bond orbital analysis[52] of the 
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intermediate complexes suggests that the formate group can behave 
like an ionic species. Indeed, it shows highly ionic character and its 
electronic structure is nearly identical to the one of the formate 
ion.[21] This picture justifies the weak interactions between the 
‘rotating formate ion’ and the Ru center, which in turn favors the 
structural rearrangements of the formate-complexes.[21]  
 
Formation of formic acid and its reaction with dihydride 
catalyst: From experimental evidence, we know that under high H2 
pressure, the formate complexes transform into trans-dihydride 
complexes interacting with formic acid (Scheme 1).[21] As soon as 
the H2 pressure is lowered, the formic acid reacts with the dihydride 
catalyst and the original trans- mono-formate complex is 
recovered[21], implying that the H2 insertion and the formic acid 
reaction are reversible and in equilibrium (5 ↔ 6, Scheme 1).[68] 
Only the trans- dihydrogen-bonded complex has been detected 
experimentally, while no cis-equivalent was found.  
In this section we report our MTD study of the fundamental steps of 
the H2 insertion / formic acid reaction processes, which were 
unknown up to now. We consider both the cis and the trans cases 
and analyze carefully the different intermediates in order to 
understand why only the trans-route seems to be possible according 
to experiment. The simulations are carried out using two CVs. They 
are the coordination numbers of oxygen CN(O) (Figure 1, (a)) and 
hydrogen CN(H) (Figure 1, (b)) to the Ru center. Confinement 
potentials are employed to guarantee that the H2 molecule, the 
formate group, and the formic acid remain within a limited distance 
from the Ru center.  
Starting from the separated cis formate complex and hydrogen 
molecule (2, Figure 7), the lowest energy path for the H2 insertion is 
via 8, where both H2 and the formate group are distantly interacting 
with the Ru center.[69] The following step is the formation of a 
Ru(η2-H2) complex (9, Figure 7), where the molecular hydrogen 
coordinates to the Ru center, giving a global CN(H) approximately 
equal to 3. This class of η2-H2 complexes has been increasingly 
reported[53, 54], and their role turned out to be important as 
intermediates in various hydrogenation reactions.[55-58]  This 
complex is identified as an energetic minimum and not as a 
transition-state.[21] In the final step, the formic acid is formed and 
stabilized by the dihydrogen-bonding interaction (10, Figure 7). 
Examples of dihydrogen-bonding complexes formed through a η2-
H2 intermediate have been already reported in literature.[59-63] 
 Figure 7 shows the FES of the H2 insertion to the cis- mono-
formate complex (2 to 10) and of the backward reaction, i.e. the 
formic acid reaction with the cis-dihydride catalyst resulting in the 
formation of the formate complex and H2 (10 to 2).[70] Unfortunately, 
in this representation, the pathway from 8 to 9 is hardly visible 
because it overlaps with the basin of attraction of 10. More 
information about the energetics of the observed mechanism 
between 8 and 9 can be inferred directly from the Kohn-Sham 
energy profile along the trajectory. The fast fluctuations of the 
systems from one to the other state are associated to small variations 
in the potential energy, suggesting a rather shallow free energy 
landscape. Hence, the free energy contribution of this fast 
fluctuating mode is neglected in the further interpretation of the FES. 
The H2 insertion (2 to 9 via 8) proceeds through a barrier of 22 
kcal/mol. By choosing different positions for the confinement 
potential, we can affect the behavior of the reacting system. By 
setting the minimum value to 1.05 for CN(H), we force the H2 
molecule to remain very close to the Ru center, thus reproducing the 
experimental conditions of high concentration of H2. As a side effect, 
this might slightly destabilize the whole complex, resulting in a 
shallower free energy well of 2. This effect can be used to better 
understand the properties of the formate complex under high H2 
pressure. The final reaction step from 9 → 10 passes through a very 
low barrier of ca. 3 kcal/mol.  
The backward reaction (10 to 2, Figure 7) follows exactly the same 
pathway consisting of two steps: 10 → 9 (18 kcal/mol) and 9 to 1 
via 8 (22 kcal/mol). A similar destabilization effect, as the one 
described for the forward reaction, is likely to be induced by the 
confinement potential applied to the CN(O) CV.  As a result, the 10 
→ 9 transition barrier is probably underestimated (Figure 7). 
The mechanism disclosed by the MTD starting from the trans-
complex proceeds through four similar structures (5, 11, 12 and 6, 
Figure 8). The same wall potential was used for the CN(O), while a 
different minimum value was chosen for CN(H) (at 0.18), due to the 
different number of hydrogen atoms involved in the reaction path 
(two for the trans, Figure 8, and three for the cis, Figure 7). Several 
remarkable differences between the cis and trans routes are 
observed. The stationary points on the FES are somewhat displaced 
and show different relative stability. In particular, the Ru(η2-H2) 
complex is significantly more stable in the trans isomer (Figure 7 
and Figure 8).  
The free energy well of the trans-formate complex is centered at 
much lower CN(O) value. Consequently, the cross-section between 
the well of 5 and the one formed by 12 and 6 is larger for the trans-
route than the analogous one of the cis-route, i.e. between the well 
of 2 and the one due to 9 and 10 (Figure 8), and hence a larger 
channel between the minima is to be expected for the trans-route. 
The wide and shallow transition channel suggests that the H2 
insertion step occurs with a higher probability via the trans-route (5 
→ 12, Figure 8) than via the cis-route (2 → 9, Figure 7). The 
fluctuations of CN(O) to the lower value in the trans-route could 
also be seen from the CO2 insertion/dissociation steps shown in 
Figure 4 and 6. This indicates a wider stability range of the formate 
group in the trans-form, which increases the statistical weight of the 
trans isomer, making the backward reaction, i.e. CO2 dissociation, 
more difficult.  
At difference with respect to what is observed along the cis-route, 
the equilibrium between 12 and 6 is shifted towards 12 for the trans-
complex (Figure 8). The static DFT calculations showed that the 
interaction of the formic acid with the dihydride through the 
dihydrogen-bonding is stronger when the complex is in the trans-
form (8.0 kcal/mol) rather than in the cis-form (6.3 kcal/mol).[21] 
This means that the formic acid should interact and hence react 
more easily along the trans-route. Moreover, the difference in 
potential energy between the Ru(η2-H2) trans-complex and the more 
stable dihydrogen-bonding complex is only 3.4 kcal/mol, against 7.2 
kcal/mol computed for the cis equivalent. This implies that the 
formic acid can be better stabilized along the cis-route.[21] These two 
factors may be at the origin of the difference in the equilibrium 
between the Ru(η2-H2) complex (9 or 12) and the dihydrogen-
bonded complex (10 or 6).  
Furthermore, the H2 insertion to the formate complex (5 to 12, 
Figure 8) occurs via a barrier of ca. 10 kcal/mol, which is 
significantly lower than the one in the cis-route (22 kcal/mol). 
Surprisingly, no energy barrier could be detected for the hydrogen-
transfer between the Ru(η2-H2) to the formate along the 12 to 6 step 
(Figure 8), and the dihydrogen-bonded complex 6 turned out to be 5 
kcal/mol less stable than the Ru(η2-H2) complex 12.[71] Moreover, 
the backward reaction via the trans-route occurs more easily than 
along the cis-route. The first backward reaction step, the formation 
of the Ru(η2-H2) complex (6 to 12, Figure 8), is practically 
barrierless, whereas the following step, the H2 dissociation and 
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formate coordination, proceeds over a barrier of 22 kcal/mol (12 to 5, 
Figure 8), similar to what is observed for the cis-route.  
A reasonable estimate of the relative probability of the two 
competitive routes can be proposed on the basis of the FES profile. 
In particular, the fact that wider transition channels are available for 
the trans-route, together with a higher flexibility during the atomic 
rearrangements, makes this reaction process more probable.  
 
Overall reaction pathways: The overall picture of the pathways 
and the free energy barriers of each reaction step obtained by the 
MTD investigations are summarized in Scheme 2.[72] It turns out 
that the target reaction, i.e. CO2 insertion followed by formic acid 
formation, should preferentially occur via the trans-route. The rate-
limiting step of the reaction is the H2 insertion to the formate 
complex and the formation of the trans-Ru(η2-H2) complex. The 
latter is expected to have a rather short life-time, since the energy 
barrier for the following H transfer to the formate oxygen is only 5 
kcal/mol. This would explain why the Ru(η2-H2) complex has not 
been observed in our experimental study, while the dihydrogen-
bonded complex was observed under high H2 pressure.[21]  
The first and second CO2 insertions via the cis-route are as facile as 
via the trans-route. This result is in agreement with the IR 
experimental spectra, where both the cis-Ru(dmpe)2(OCHO)2 and 
trans-Ru(dmpe)2H(OCHO) are observed at 300 K.[21, 22] A 
significantly higher barrier for the H2 insertion (22 kcal/mol) is 
found instead along the cis-route. The insertion should therefore 
proceed via the trans-route which is kinetically favored also due to 
the wider channel characterizing the underlying free energy surface.  
Experiments show that, under moderate CO2 pressure (5 bar) at 300 
K in toluene, the cis-Ru(dmpe)2(OCHO)2 is predominant.[21] When 
high H2 pressure (> 50 bar) is applied in addition to the moderate 
CO2 pressure (5 bar), the equilibrium balance is reversed in favor of 
the trans isomer and mainly the dihydrogen-bonded complex, trans-
Ru(dmpe)2H2" HOCHO, is detected.[21] The free energy barriers 
reported in Scheme 2 are consistent with the experimental 
observations. The equilibrium between the trans- mono-formate 
complex (5, Scheme 1) and the trans- dihydrogen-bonded complex 
6 is shifted to the latter under high H2 pressure. The lowest energy 
pathway to form the trans- mono-formate complex from the cis- di-
formate complex 3 is via the dissociation of CO2 followed by the cis 
→ trans isomerization of the dihydride catalyst and the CO2 
insertion. This process would lead, in time, to the predominant 
presence of the trans isomer. 
By introducing formic acid into the dihydride complex solution at 
300 K, the only detected species is the trans- mono-formate 
complex (4 → 5, Scheme 1).[21] This observation can be explained 
by our results that demonstrate that the coordination of the hydrogen 
atom of formic acid to the Ru center takes place spontaneously via 
the trans-route (Scheme 2, right to left), whereas it proceeds over a 
relatively high barrier via the cis-route. Moreover, the trans-route is 
kinetically favored by a broader and smoother transition region on 
the FES, which can be explained by the wider approaching channel 
offered by the open structure of the trans-isomer. The cis-route also 
seems possible from Scheme 2 and the cis-mono-formate complex is 
likely produced, but it was not observed at 300 K, most likely due to 
its low stability[22]. The cis- mono-formate complex may transform 
into trans through two alternative pathways: (i) the direct 
isomerization, or (ii) the CO2 dissociation followed by cis → trans 
isomerization and the reaction with formic acid. The latter pathway 
is slightly favored according to our estimate of the activation 
barriers. 
 
Ligand effects and towards rational catalyst design: The 
comparison among the competitive reaction mechanisms, taking into 
consideration energetic profiles as well as some kinetic aspects, 
seems to indicate the trans-routes as the preferred ones. The rate-
limiting step turns out to be the H2 insertion, no matter which route 
is taken. The corresponding transition-state within the trans-route, 
11 in Figure 8 is characterized by the approaching molecular 
hydrogen, which induces the weakening of the Ru-formate 
interaction, and by the consequent displacement of the formate 
group to larger distances. The analysis of the electronic structure 
confirms that the high energy barrier originates from the 
destabilization of the formate group, caused by the loose interaction 
between the oxygen and the Ru-H bond.[21] The formate-ion-like 
species is clearly revealed in the proximity of the transition-state of 
the H2 insertion as well as of the CO2 insertion.  
The correlation between the choice of different ligands and the 
activity of the catalyst can be derived from the specific electronic 
structure at the transition-state. One of the simplest measures is the 
stability of the formate ion near the Ru+ center. In other words, the 
binding energy of the formate complex, taking the Ru+ complex and 
the formate ion as building blocks. When the binding between the 
ions is weaker, the barrier height at the transition-state is expected to 
be lower, i.e. the smaller the binding energy is, the higher the 
activity becomes. Table 1 shows the binding energy comparison 
between the trans-catalyst with four different ligands, dmpe, PMe3, 
dppe, and X (X: HMeP-CH2CH2-PHMe). The ligand X is similar to 
dmpe and has the structure where one of the dmpe methyl groups is 
substituted by hydrogen. The binding energy increases following the 
order dppe < PMe3 < dmpe < X. It is difficult to compare the 
tendency directly with the activities reported in literature, because 
they were measured at different experimental conditions 
(concentration, temperature, and additives). However, the general 
trend indicates that the activity for formic acid formation 
progressively decreases in the sequence, dppe > PMe3 > dmpe > 
X.[12, 13, 15] Actually, the activity data for the catalyst with the ligand 
X has not been measured, but it is expected to be almost zero, as it 
happens when one methyl group of dppe is substituted by 
hydrogen.[15] The binding-energy vs. activity relationship confirms 
that, in spite of its bulkier structure, the dppe complex is one of the 
most efficient catalysts because of the weak binding of the formate 
group. Note that the superior activity of the dppe complex suggested 
by our calculations fully agrees with the earlier experimental 
observations where the dppe complex was found most active among 
various Ru-bidentate complexes (e.g. dppm and dppp) for N,N-
dimethylformamide synthesis from CO2.[13] The related softening of 
the mode favors the stabilization of the formate at larger distances 
from the Ru center and consequently its ionic character. Therefore, 
it can be concluded that the electronic structure of the catalyst 
affects the activity more than the steric hindrance.  
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Scheme 1. Observed main Ru-complexes in toluene at 300 K in the presence of CO2 and 
H2. Note that complex 2 has been observed at 223 K[22], but it was not observed at 300 
K.[21]   
 
 
 
 
 
 
 
Scheme 2. Overall reaction pathways and free energy barriers obtained by the 
metadynamics. The free energy barriers are shown in kcal/mol. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Coordination number (CN) functions used in this work. 
 
 
 
 
 
 
 
Figure 2. Free energy surface showing the cis-trans isomerization of Ru(dmpe)2H2 as a 
function of the dihedral angle of the four ligand phosphorous atoms and the H-Ru-H 
angle. The free energy is in kcal/mol. The representative structures near the minima, 
close to the numbered location on the free energy surface, are shown on the right side. 
For clarity the hydrogen atoms of the dmpe ligand are not shown. 
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Figure 3. Free energy surface showing the cis-trans isomerization of 
Ru(dmpe)2H(OCHO) as a function of the dihedral angle of the four ligand phosphorous 
atoms and the H-Ru-C (C atom of the formate group) angle. The free energy is in 
kcal/mol. The representative structures near the minima, close to the numbered location 
on the free energy surface, are shown on the right side. For clarity the hydrogen atoms 
of the dmpe ligand are not shown. The structure 7 was observed after filling the well of 
5, and the free energy surface was constructed by the hills deposited before the 
formation of 7. 
 
 
 
 
 
 
 
 
 
 
Figure 4. Free energy surface showing the processes of CO2 insertion to cis-
Ru(dmpe)2H2 and CO2 dissociation from cis-Ru(dmpe)2H(OCHO) as a function of (top) 
the coordination number (between the Ru and the oxygen atoms) and the C-H distance 
(C atom of CO2 or formate group and H of hydride), and (bottom) the C-H distance and 
the Ru-C-O angle (C atom of CO2 or formate group and O atom of one of the oxygen 
atoms of CO2, marked as O’ on the right side). The free energy is in kcal/mol. The 
representative structures near the minima, close to the numbered location on the free 
energy surface, are shown on the right side. 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Free energy surface showing the processes of CO2 insertion to cis-
Ru(dmpe)2H(OCHO) and CO2 dissociation from cis-Ru(dmpe)2(OCHO)2 as a function 
of (top) the coordination number (between the Ru and the oxygen atoms) and the C-H 
distance (C atom of CO2 or formate group and H of hydride), and (bottom) the C-H 
distance and the Ru-C-O angle (C atom of CO2 or formate group and O atom of one of 
the oxygen atoms of CO2, marked as O’ on the right side). The free energy is in 
kcal/mol. The representative structures near the minima, close to the numbered location 
on the free energy surface, are shown on the right side. 
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Figure 6. Free energy surface showing the processes of CO2 insertion to trans-
Ru(dmpe)2H2 and CO2 dissociation from trans-Ru(dmpe)2H(OCHO) as a function of 
(top) the coordination number (between the Ru and the oxygen atoms) and the C-H 
distance (C atom of CO2 or formate group and H of hydride), and (bottom) the C-H 
distance and the Ru-C-O angle (C atom of CO2 or formate group and O atom of one of 
the oxygen atoms of CO2, marked as O’ on the right side). The free energy is in 
kcal/mol. The representative structures near the minima, close to the numbered location 
on the free energy surface, are shown on the right side. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. Free energy surface showing the processes of H2 insertion to cis-
Ru(dmpe)2H(OCHO) and formic acid reaction with cis-Ru(dmpe)2H2 as a function of 
the coordination number between the Ru and the oxygen atoms and the one of the Ru 
and hydrogen atoms. The free energy is in kcal/mol. The representative snapshots of 
structures near the minima, close to the numbered location on the free energy surface, 
are also shown. For clarity the hydrogen atoms of the dmpe ligand are not shown. 
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Figure 8. Free energy surface showing the processes of H2 insertion to trans-
Ru(dmpe)2H(OCHO) and formic acid reaction with trans-Ru(dmpe)2H2 as a function of 
the coordination number between the Ru and the oxygen atoms and the one of the Ru 
and hydrogen atoms. The free energy is in kcal/mol. The representative snapshots of 
structures near the minima, close to the numbered location on the free energy surface, 
are also shown. For clarity the hydrogen atoms of the dmpe ligand are not shown. 
Table 1. Binding energies of the formate group of various Ru catalysts taking formate 
ion and corresponding Ru+ complexes with different ligands as the reference. The 
abbreviations for the ligands are: dppe (PPh2-CH2CH2-PPh2) and X (HMeP-CH2CH2-
PHMe). The zero-point energies are corrected. 
 
Ru+ complex Binding energy / kcal/mol 
trans-Ru(dmpe)2H+ 112.4 
trans-Ru(PMe3)4H+ 111.6 
trans-Ru(dppe)2H+ 99.7 
trans-Ru(X)2H+ 116.1 
 
Conclusion 
Practically relevant reaction pathways for the homogeneous 
catalytic CO2 hydrogenation have been investigated by ab initio 
MTD, using Ru(dmpe)2H2 as a model catalyst. Several aspects that 
cannot be addressed by static electronic structure calculations have 
been studied by molecular dynamics. Our work reproduced the 
actual dynamic mechanisms leading to the isomerization and the 
CO2 insertion/dissociation events at finite temperature. We explored 
the role of the entropic effects, which contribute in determining the 
most probable pathway and the relative stability of the intermediate 
states. Previously unforeseen structures have been observed and 
their influence on the reaction rates has been discussed. The 
simulations presented in this work answer several open questions 
related to the reaction system under study. It has been established 
that the CO2 insertion occurs via a concerted mechanism involving 
the rotation of the formate group. Several interesting intermediates 
have been encountered along the reactive trajectories, like the 
complex showing molecular H2 coordinated to Ru(η2-H2). The most 
relevant structures have been described in detail and their relative 
stability has been discussed in terms of the interatomic interactions 
and the associated electronic charge distribution. The free energy 
profiles reconstructed by the MTD are consistent with the 
experimental results and provide a more precise interpretation of the 
observed behaviors. We finally conclude that the reaction proceeds 
more easily via the trans-isomer route, and the H2 insertion to the 
formate complex is identified as the rate-limiting step of the reaction. 
On the basis of the disclosed reaction pathways, a procedure to 
predict the activity of catalysts with different ligands has been 
proposed. With this simple measure, derived from the analysis of the 
FES in the proximity of the rate-limiting step, the activity of catalyst 
with different ligands can be easily estimated. The combination of in 
situ spectroscopic work, carried out under reaction conditions, and 
ab initio MTD has proved to be an extremely powerful tool for the 
characterization of unknown pathways and the interpretation of not 
fully understood reaction processes. The resulting atomistic picture 
can provide helpful hints for the engineering of improved reaction 
systems. In particular, the reaction pathways elucidated by this work 
can be of great help to understand other effects, such as the 
influence of additives. 
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Nature of rate-limiting step has been 
clarified by elucidating complete 
reaction pathways, intermediates, and 
mechanisms during Ru-catalyzed CO2 
hydrogenation by means of ab initio 
metadynamics. The gained insight 
well explains the ligand effects 
observed experimentally. 
 
 
 
 
